The growing demands for renewable energy production have recently resulted in a significant increase in wind plant installation. Field data from these plants show that wind turbines suffer from costly repair, maintenance and high failure rates. Often times the reliability issues are linked with tribological components used in wind turbine drivetrains. The primary failure modes in bearings and gears are associated with micropitting, wear, brinelling, scuffing, smearing and macropitting all of which occur at or near the surface. Accordingly, a variety of surface engineering approaches are currently being considered to alter the near surface properties of such bearings and gears to prevent these tribological failures. In the present work, we have evaluated the tribological performance of compliant highly hydrogenated diamond like carbon coating developed at Argonne National Laboratory, under mixed rolling/sliding contact conditions for wind turbine drivetrain components. The coating was deposited on AISI 52100 steel specimens using a magnetron sputter deposition system. The experiments were performed on a PCS MicroPitting-Rig (MPR) with four material pairs at 1.79 GPa contact stress, 40% slide to roll ratio and in polyalphaolefin (PAO4) basestock oil (to ensure extreme boundary conditions). The post-test © 2016. This manuscript version is made available under the Elsevier user license
fatigue is known as micropitting which is a common failure mode encountered by gears and bearings [8] . Specifically, many main shaft spherical roller bearings in wind turbines are life limited due to spalls arising from micropitting wear [9] . Micropitting is associated with the initiation and propagation of micro-cracks in the direction of traction forces. The progression of micro-pits alters the surface profile of a bearing raceway or gear tooth which generates regions of large stress concentrations. The increase in localized stresses leads to fatigue failure through the formation of macro-pits or spalls. Micropitting is affected by several factors such as lubricant type, contaminants, temperature, contact stresses, hardness, sliding speed, and surface roughness [10] .
Studies were carried out over the last few decades to understand the mechanism of micropitting.
According to Morales-Espejel and Brizmer, micropitting depends on the lubrication conditions and roughness of the contacting surfaces, the presence of slip (between 0.5 and 2%), and the associated boundary friction shear stress are required for the generation of micropitting [11] . Oila and Bull suggested that contact stress has the greatest impact on micropitting initiation, while the progression of micropitting is affected mostly by speed and slide to roll ratio [10] .
Lubrication conditions are best quantified by the parameter lambda (λ), which is the ratio of the lubricant film thickness to the composite surface roughness. Operating temperature, viscosity, and operating speed all affect the lubricant film thickness and hence λ. Brechot et al reported that oils with antiwear and extreme pressure additives that are used to prevent scuffing and wear can promote micropitting [12] . Micropitting has proven to be difficult to eliminate through lubricant chemistry alone.
A number of solutions have been suggested to mitigate micropitting. Super-finishing is a process used on gear teeth to increase load bearing area and reduce the severity of asperity interactions in boundary lubrication (i.e., λ <1) [13] . Apart from super-finishing, other surface engineering techniques are also employed to reduce asperity contact and provide barriers to wear [14] .
Physical vapor deposition (PVD) coatings composed of nitrides, sulfides and carbides were examined for their ability to prevent micropitting [15, 16] . PVD coatings can be very effective at reducing or eliminating many wear modes [17] . Among these coatings, diamond like carbon (DLC) coatings are now being used in numerous applications for wear resistant purposes due to their desirable tribological performance [18] . DLC has been modified over the years to possess ultra-low friction and high wear resistance. DLC coatings can be doped or alloyed to increase their functionality. The properties (hardness, toughness, thermal stability) of DLC coatings are further increased by using novel coating architectures that consist of nanocrystalline precipitates and nanosized multilayers [19] . Hydrogen-free DLC coatings deposited from solid carbon targets can be extremely hard, while hydrogenated DLCs are usually much softer.
In this research, coatings having indentation hardness values greater than 10 GPa are referred to as hard coatings, while coatings with indentation hardness values less than 10 GPa are referred to as soft coatings. Precursor hydrocarbon gases such as methane and acetylene are typically used in the deposition of DLC that contain large amounts of hydrogen. Hard DLC have been shown to be very successful at mitigating many wear issues encountered by bearings and gears operation in boundary lubrication, including micropitting [20, 21] . Surface treatments such as black oxide and phosphate conversions are also applied to bearings and gears to address micropitting [20, 22, 23] . These conversions are thick, sacrificial layers that work to rapidly break-in the surfaces of the components, reducing asperity contact, and delaying the onset of micropitting. Most of the studies reported on exploring the use of DLC to mitigate micropitting prevention were carried out with hard DLC coatings. Few if any studies were performed using soft DLC coatings.
In this research, a soft highly hydrogenated DLC coating was sputter-deposited on rings and roller specimens, and the tribological performance of the coated specimens was evaluated in a micropitting rig. Four different material pairs were tested in a polyalphaolefin (PAO) base stock oil. The as-deposited and tested specimens were then examined using optical microscopy and Raman spectroscopy in an attempt to understand underlying mechanisms.
Materials and Methods

1.2.1Test Apparatus
A PCS Instruments Micropitting Rig (MPR) was used for testing. The MPR is a computer controlled three rings on roller tribometer. A 12mm diameter roller is mounted in the center and in contact with three rings of 54mm diameter at an angle of 120º. Figure 1a shows the MPR test chamber and the arrangement of rings and roller inside the test chamber is shown in Figure 1b 
Test Material
The test material used in this study and their properties are given in Figure 2b shows an optical image of the cylindrical roller and the track width prior to testing. Table 2 presents the test parameters used for evaluating the tribological performance of different material combinations. An unadditized polyalphaolefin base stock oil (KV@ 100 °C = 3.90 cst and Viscosity Index -122) was used as the lubricant, which was used to eliminate the contribution of additives on the performance of the coatings and also to ensure that a severe boundary regime was in place. Tests were performed at a 430 N load, 1.79 GPa max. Hertzian contact pressure, 3 ms -1 speed, 40% slide-to-roll ratio (SRR) and at a constant operating temperature of 55º C. The initial λ values were estimated to be 0.36 which confirms boundary lubrication regime.
Rollers and rings were coated with the highly hydrogenated diamond-like carbon (H-DLC)
coating. This coating is a variant of the Near Frictionless Carbon coating developed at Argonne National Laboratory [24] . Prior to coating, specimens were ultrasonically cleaned using a solvent and dried in hot air before mounting on fixtures inside the deposition chamber. A pulsed magnetron sputtering system was used for the deposition of the coatings using one carbon target.
Prior to deposition of carbon film, a thin (~ 50 nm) Cr adhesion layer was deposited on the surface. The carbon target power was in the range of 1000-2000W and pulsed DC bias of -35 to -50 volts was supplied at 250 KHz. Methane (CH 4 ) and Argon (Ar) gas mixtures were maintained at 12 sccm and 70 sccm, respectively. The final carbon coating thickness was in the range of ~ 1 µm. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Page 7 of 17
Rolling element bearings operating in wind turbine gearboxes employ coatings that are either applied only to rolling elements (hard DLC) or both rolling elements and raceways (i.e., black oxide) [23] . The material pairs tested in this study were designed to be consistent with the application of coatings on wind turbine bearing components. The performance of the H-DLC coatings was examined by testing four material pairs: uncoated roller on uncoated rings, H-DLC coated roller on uncoated rings, uncoated roller on H-DLC coated rings, and H-DLC coated roller on H-DLC coated rings. The uncoated on uncoated pairing was used as the baseline in comparison with the other materials pairs. A value of 1200 Peak/Peak acceleration (vibration) was used as the cut-off limit in the tests to determine the cycles to failure. The 1200 P/P acceleration was a vibration reading from the accelerometer that was placed close to the contact zone and provided a view toward the progression of surface damage. Tests were suspended if the vibration exceeded the cut-off limit or exceeded 100 million contact cycles.
Characterization and Performance
Specimens were characterized by white light interferometry, optical microscopy, and Raman spectroscopy, prior and subsequent to testing. A Bruker 3D optical profilometer was used to measure the surface roughness and surface topography of specimens. A Renishaw green light Raman spectrometer with a wavelength of 633nm was used to probe the structural chemistry of the coated and uncoated specimens both prior to and after testing. Raman Instrument was calibrated using an internal silicon reference, and the spectra were recorded in the range of 100-4000 cm -1 . Raman spectra shown in Figure 3 were obtained from an uncoated steel roller, and untested H-DLC-coated roller, and the PAO4 base oil. Both steel and the as-deposited H-DLC show a broad and featureless spectrum that is typical for the materials. The PAO4 base oil shows a strong characteristic feature at 2800 cm -1 and few small peaks between 1000 cm -1 and 1500 cm -1 .
Mechanical properties of the coating were measured by nanoindentation using a Hysitron
Triboindenter TI -950 equipped with a Berkovich diamond probe and loads in the range of 0.5 mN to 12mN. Figure 4 shows the nano-indentation measurements on the H-DLC coatings.
Nanoindentation measurements revealed that the hardness and elastic modulus values of the coating are about 6 ± 1 GPa and 55 ± 10 GPa, respectively.
Traction coefficients and P/P acceleration are plotted against contact cycles and are shown in This test achieved 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Page 9 of 17 remained steady at ~ 0.05 for first 40 million cycles and then began to decrease gradually until about 65 million cycles, and then remained steady for the rest of period at ~ 0.035. The P/P acceleration was inversely correlated with the traction coefficient. The optical image of the roller wear track after test termination is shown on right, and the image shows that small regions of the coating delaminated. Figure 5b suggests that the vibration increase may be due to isolated regions of coating delamination on the roller, the reduction in traction coefficient correlated with the formation of tribofilm. Since the vibration and traction curves are inversely co-related, it is possible that the delaminated material is participating in the tribofilm formation. Figure 5c shows the traction coefficient and P/P acceleration as a function of number of contact cycles for the pairing of the uncoated roller and H-DLC-coated rings. No changes in the traction coefficient or P/P acceleration were observed in the test. The traction coefficient was measured to be about ~ 0.04 and the P/P acceleration value was ~ 200 after completing 100 million cycles.
The image of the uncoated steel roller shown on the right does not show any significant damage and that a tribofilm was generated over a large region of the wear track. Figure 5d shows the traction coefficient and P/P acceleration as a function of number of contact cycles for the pairing of the H-DLC-coated roller and H-DLC-coated rings. The test was suspended after 100 million cycles. The traction coefficient was constant at ~0.04 throughout the test while the P/P acceleration increased slightly after about 45 million cycles from a value of 200 to 300 and remained at this value until the end of test. The image of the wear track show mild surface damage on the roller surface (see Figure 6d) . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Raman spectra obtained on the tested roller specimens are shown in Figure 8 . No significant differences are observed from spectrum of the untested roller in Figure 3 
Discussion
Experimental results showed that the uncoated, steel on steel, material pair failed after 32 million cycles due to excessive surface damage. Large pits were observed on the roller due to damage accumulation and caused the P/P acceleration to exceed the cut-off limit. Based upon the observations of Fajdiga et al., the surface damage on the roller appears to have initiated with micropits, evolved into macropits, that coalesced and formed the continuous surface damage in the wear track [27] . Remarkable reductions in surface damage of the roller were observed when one or both elements were coated with H-DLC. Traction coefficients were ~ 0.04 and remained relatively constant throughout the testing for the three cases where at least one of the contacting surfaces was coated. Furthermore, no failures were observed and the tests were suspended after ~ 100 million cycles. H-DLC appears to be a promising surface treatment candidate to mitigate fatigue-initiated micropitting wear on surfaces of components operating in low λ ratio rolling and rolling/sliding contacts.
Friction reduction and wear protection are the primary motivations for using coatings on bearings and gears. Surface modifications that use coatings and thin films offer numerous technical advantages over untreated materials. Under boundary conditions in wind turbine drive trains, PVD coatings such as WC/a-C:H, and conversion coatings such as black oxide are widely used on the bearings and gears to improve tribological performance. Although conversion coatings are typically considered to be sacrificial and used primarily to prevent adhesive wear damage during run-in, new evidence has been generated that suggests that black oxide surface treatments on the raceways and rollers of wind turbine gearbox bearings may delay the onset of another failure mode termed white etch cracking [28] . Mahmoudi et al. [20] and Evans et al. [23] reported that black oxide is not an attractive candidate for preventing scuffing wear arising from roller/raceway skidding in highly stressed, low λ environments. Although a hard WC/a-C:H (14 GPa) coating applied to the rolling elements of bearings functioned very well in mitigating micropitting, scuffing, and fatigue life reduction from debris damage [29] , fracture-type wear of the coating was observed to occur at high contact stress cycles and ±10% slide/roll ratios [20] .
Hard WC/aC:H coating is believed to provide wear protection by polishing the uncoated mating surface and forming a barrier to the adhesive interactions of asperities [29] . Therefore both black oxide and WC/aC:H display the ability to increase λ and transition the lubrication regime from boundary to mixed. Fewer investigations have been performed on the abilities of soft coatings to improve fatigue performance. Moorthy et al compared the rolling contact fatigue performance of a soft Nb-S coating to a hard WC/a-C:H coating [15, 30] . Although the Nb-S coating exhibited no polishing effect during the tests, no significant micropitting was observed. Mutyala et al examined the performance of balls coated with a soft Ti-doped MoS 2 and found a significant increase in the rolling contact fatigue life of M50 steel specimens over uncoated specimens [31, 32] . In that study, it was reported that MoS 2 from the coating combined with hydrocarbons from the synthetic base oil to form a a-C:H/MoS 2 tribofilm on the uncoated M50 rods. It was speculated that this tribofilm was responsible for the significant increase in rolling contact fatigue life of the rod specimen. Clearly soft coatings like Nb-S, Ti-MoS 2 , and H-DLC must function differently from hard coatings like WC/a-C:H to provide fatigue life improvements to steel components. Furthermore, since black oxide surface conversions do not mitigate micropitting (surface fatigue wear), the soft coatings must also function differently from a soft black oxide [20] .
Based upon the observations gleaned from this study, and previously reported studies on rolling contact fatigue studies of soft coatings, it is speculated here that the H-DLC coating functions  Uncoated steel/steel pairs failed after 32 million cycles whereas no failure was observed with soft-highly hydrogenated diamond like carbon coated test samples up to 100 million cycles.
 Raman analysis showed microstructural transformations of the H-DLC inside the roller wear track.
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